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wFIELDFLOW•J
WPO2s«8?A&«!rtPHOTOG2W«Hi— <^EUw
huttle test shapes,COcu
£g
assure
hp
-measure surfaceo•MCO3CUB't-iCUs-CUM-IoCOCU•I-l!HCUCOCU£,s
test conditions arecu454->mOO1aoM^-lrnThe photograph:•rtcuA!n)-MOCO1—4n!cu!HCU>>CO45anlhGOO4->Or!lieren pi45ow
rtat1*£o4345GO•Hn)h-i->COT3rtatat•4->i— ICUT3T3CU^"^i — i43CU45-M(UhatT3cu15f-l-l->CO1• iHCOcuCOnlCJcu45EHcuh3GO•!-lmCO45-t->.srto^45CO
CU
S3crcuMntcuOn)mM3CO"0hat£•5rt• iH^<u454->MCUOCOcu%45COXo5COcu£GO.3$raJacuTJT3
o
 
3)
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"8
^
 
§
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^
<+H
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Ocui—
 iGOrtnl
ns described lateroalculatio£o
1
—
 1
•4-1ai the nonequilibrivA•OO-*II*T3pjntoOCNJII*!HOm-4->45GO•Hn)IH4->CO
CO• I-l
45-i->T)rtnt«O• 1-4GOCU!H£O
i
—
 i
m
iniform;->ntcu
435s nose is assumedv45-(->VHOan)cu(-1-(->COrt$0T3£01 — 1M-lcu45•4-*hcuaataCU454-1a•r-4
.
<u•)-»atS-l3Oun!<Unr*-tO+•>COMatcu£(in!umptionCOCOnl
CU45-i->1545+->COCU-t->0}o• iHT3.scuMCU45rt$O45COLeren photographsi— i45UCOO1cu£S-l0!5Oarisaaoucu45H
i of attack. BothCO^™JGO9CO•I-l454J^Omcu(3,0)45CO!^OO45COCU45+Jti• iHT3CUIs reflectCOcu&45CO>»TtO43CU454Jrterence i"+-Ivi• iHT3
>w begins to affectocross f]cua-t->n)5sure data indicateCOcuMacu5'UrtnlCO45aatVlGOO4->O45aaSchlierecu45•»->
cu
45-(->o0vO^^oO•*II«of symmetry atcurt0)
i
—
 iaT3^Hn)1•Sc^u£rt• r-l£oH-linviscidCU454->
enterline pressureundward• |H£cu
45-i->Opronounced. Alsis moreCOcuaat
45COXuo45COcu£rterence i>+H<+H•HTJ
O43145GO
•i-intt-i+->COcu
45-i->i-iO"+H>>1—4TJ• iH8-SHi moretncurnpressure decreaicu5• *t>.T)O43CU45-i->Vi0cuCOat43cu45•4->T)tln)£O4->COa^tocuT3
3 sure distributionsCDvhC^CU.3I— 1centeiT3hhapes and windwaCOMuo45COcu£oONV-lOO^rt4->-t->n!m0CUI— 1GOrtn!rtnl3
•
COcuct
45CO£o43O1cuCOcu£fnOM-HcuanlCOcu£>*I— 1M0)curtcuf-t0)
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WARD SIDE CENTERLINE PRESSURE DISTRIBUTIONS
FOR BLUNTED-DELTA SHAPE
(Figs. 6 and 7)
Q%K
^
^
urfaceCOstudy of the hypersonic flow over blunted slender cones theCO2O
•
 H>COrHaccj*H£
£o1—4mCOX!"^*i\L was found to be insensitive to nonequilibrium effects. SinceHo•rH-t->3XI•i-4f-l1 %CO3CD;_,sCOCOCOfna
CDaOoatCD^lane of symmetry of the blunted-delta wing should be much lia
13>H<d1a• rt$CDrjr^H+->00aoI—
 1
cd
distri-co>een used in the present study to scale the measured pressur<
4JCQcdJHr^*4->i—
 12
CO0)f"lCO
•rH
X
I-p0^EH
ion pressure%itions. The data were normalized by the tunnel-model stagn
13aoo_!_}
•a• rHi—
 1
<
+Ho-l->CQao•i-4•3XI
CO5mOCO3the flight vehicle were obtained by using the appropriate vaLa0COCOf-i3COCOCOrHaCDXl+•>T3acd
CD
-Ba/i
 \The initial portion of the pressure distribution, i. e. betwee.CDinSCOCQCDMcxao• H4-»<da00cd-pCO
r
—
 (<dCDTJ• rHmO:he first data point, was taken from a composite correlation•«-•
T33a•rHOaao•Hsa00CtJ•(->CO
£o£CDrj5nonequilibrium flow calculations, and experimental data for
-oacdgrH.3Mx>•1-1!—
 4r<
E
<
C
7
1
CD
•
t
CQcdbo
CDrHCO
X!£4->ited bodies. The stagnation point was assumed to be the poinBdXI^ i— ii— icdy• iH1^CO_H1^4a-COrHCOO
M
HOormal to the free stream direction. A full scale body lengthaCO•!-*CDu0)MHrH0CO>>
T3OXICDJHi^H-r->
O
13CDCOSCOOS•>PS"HHomr-HgvOtn't
co:ace pressure distributions which were used in the streamtub
M-I«.M3CQ>^T)OXICOX!HL *
XI-u• H*rHCOX!•<->CO00o-r->CQCDrH=i00•1-4mOI* coaCO$a• rHa0X!COCOrHcdOO-*IIaT3acdoO00IItfrHOmCOfHrHo•rH4JId"3u13o
CD•sm0rH(Ui on which they are based. Here and throughout the remaindi^MJ_>idTJr™Icd•scoa• rHrHcoitCDCD^H-r->
ao•rHtda00istance along the surface streamline, measured from the sta
13CQCD+j0aCD13o-r
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COH
^
f-4NONEQUILIBRIUM FLOW CALCULATIO
(Fig. 10)
EQUILIBRIUM AND
Bo43h£Long selected streamlines have been madeCalculations of the flow al
41o•H41£•8hemical reactions. The trajectory pointsquilibrium and nonequilibrium cCO
bodoF—
 1
nJ<uTtct)a
-
 
aCDin the table below. Calculations have beialculations were done are listedo
»*/
B•§n)14CO£>NCL
,
;reamline about in the middle of the entro]tie body surface streamline, a s14->
The influence• asses through the limiting oblique shock.uter streamline, or that which po
nose radius are also demonstrated.
T
l3XOn$£etf<+-!O<01—
 1bodOj
.sCOcobfldnJ41U>+H0
CDCQO41+->fn£COa>>•)->-l->dCOrHCOmm•iHTtretm0COMnJa.3M43•iHr— 4• H3o<COr— 1n)o•r-tThe departure from chem
CO
•M•4->n)£h*CO>>n)ir the outer streamlines. In the entropy 1treamlines near the body than fcCO
al equilibriumobody surface, the flow approaches chemiilong those streamlines near the«J
CO£>+HOdo•iHCQd0)departs from equilibrium in the rapid expi the stagnation region and then•1-1
41O1>>t-iCO>Along the outer streamlines, the flow is>sTtO43CO41+•>m0coCOOdCOBT3dgf-in)|M-l
ihrough the•*-•dcoIS]ot-tm>^i— ii — i0)o0)41(JCO• r-l£O&<D41HaCO>nJ£A!CJOLke the relaxing flow behind a shr— 1
co41•MMn)codCQJ[-1equilibrium over the entire body length.hock wave and then approaches <CQ
.
 
CO41•(->COfljdo• H13d•H1OoCOIHmOCO4->nJnHCOBd•i-<ben)i — inJCO• iHa.3Mai— i• r-ldC7<coody surface the departure from43
re)CO• HCDFH(0(Hf»Hj *CQCD.ai— *an)coM4->COrHco?o 
•
CD4)4->bOdoi —
 irdcoi —
 i
•
 H41£-^Td•i-ioaLow expands from the stagnation<«
ag in the dissociation rate.i— i
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coWSrHH^«DY SURFACE ST
(Fig. 11)
OCQOZOJ<<OJE-H
CO
.21—1acdCOf-i4-*COCOOcd• j ito3CO>,T3OXI(0Xl[ %DOdoi— icd£oi — imCOXI4-»I-l0•+HCOTJcdadCOcoXICOcdX!COdO•1-1Idi—43CJr- 1cdueveralco
co4J
•t
4-1
<4-4
r
*
OlO«
 1
CM0OoCMmoCODO3toCOTJ5•1-44Ji— 1cdcoX!4->d1—
 I
i0P-
.
PIo••-I13dDOcd4->COiumtoai—4'3crCOd<Tlfrom ;GOd•H4-1tocd4->CO
£oXIHO*4HOTJdcd•»*7£-4CM
S•
-HO
rH
*
'dis composed maiCOCOd• i-li— 1acdCOto4-1COCOUcd<+-!to3COT^3OX!(0XI4->DOdo1 — 1cd£oEH
COXI4->d••-IbocdCOXI
"4->CO
•
 H4-1OCO
"+H
mCOrium
a•
—
 i• H•j&he principal noneHio£a.2toA•H, —
 i
•
 HScr0dopjT3sa^• HkXl•Hi— 1•r-lStf0
>
>
i—
l
r
-lrj
£CO
•
 r-1
dfl)U/DO•v^o^0XlH#do•r-iDJO0rH0COod0i5dCOT3drd8 10o^rH4—10rj5COrdd0•H4Jrd.aXIcom0toao4-1rdd0bfioto4->•Hd
CO0• rH(J0aCOT3drd•t4^velociO^^sCOp|0Tlw0*ion in temperatui4->cd•r4tocd>0
AH
o
OCOCOd•I-Iflja0toi-rjdrdT3013•rHu0COCO•HT3
t^oO4->CJ0•l*"~lcdrH
4-10r!
r*
—
 (
4Jto&£0r—40XJCO0M1-jDO
•
 H
m
illustrated in the0tocd0d• tHi— 1acd0to4->CO0XI4->bod0"idationsto4-1d0CJdou
a(MCM
•
r
-
 1
II
*
*
toomTJdcdHoooo"oCM1vOo0ovQII^C^O(X*-Hooo•VvQr— (OcoCO1?,Mr-r-000•*no^P4->.aop-
4->OCO<HCOa2•Htoa1—1• iHthe nonequmOcoirect consequencTJcdCO•rHdo•1-44->dXI•Hto4->CO• HT>COp3cdtoCOa-aco4->CO,cjH
i
—
 iCO
X
!
X
ICJsaCO1—
 1
"cd\\i
IH
mperature<o4-15inequilibrium f lo-cidCO
X
I
t-loco"cdtodO•1-14-1rdd•i-HXIaou<UMao4->cd120X!•4"^do
d0• H4->cdd••-iX!aoCJcotoa04Jcdd0DOoH4->• Hdgion because the0to0COOd0XI4->d•i-i0to34->cdto0aa04->iumtoXl•Hr— 4• HD^ 100XI4-»
aoCO•*0OrdmH3COto0£cd4-Jcd£0XI+Jdorly uniform flow•Hcdm0•ad•r-td"0X!EHd0NotomCO0aoCJ0ndo•1-14->Ocd0to
3•1-1ton
r
±
*
•1-4
1—
4
100XI
•^
approaches0toSibrium temper ati— i•HSCT
1
0do0£^drd0CJcd"E
-
CO0Xcd4->do•iH4Jrdd•i-lXIaoCJ0i-i
CO
•i-i•^>O
1—1
M
-l
0X!4->
T3gradual anCO
•
 •H
X
Ithat this approac0o
•
 H4->O
^7<-l9
T^
3OXI0rjrS>*-lO0tordX!05T3hcd0^4J0rj1
>
N
4->
•
 HUOi—l
0>T333 on density4->CJ0(Honequilibrium efd0XIHa>NT3OX!0to•gM003to0>0d0tslOtoM-l4JCOOa'cd
9
04->cdto$oG|^^HCOCOcd0XI4->do4->CJ0m* j i001—4t!•Hi— 1>
-
to0>CO•rH0to0X!4->IdX!4->.HrGCJsCOd0•H4->CJ0to£0Xi+Jpj•!-413drd± tADO•HCO0Hcd
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CO
2OtoEHOWhfcW^
>
SO« H
H
Q
h
d
wOF NONEQU]
STREAMLIN
(Fig. 12)
R I AT ION
EiE BODY
<
H
^rtoEHUWID<«H
15O1—4mLib rium
•
 rl
g
<
CUflofl"Sflriad• rlrl5r-lUcucu£rlOmT30)1-p•8CUhCU£COflo1r-lo(0"riy• tHrlCUjjd3
0
°
1—1«*.nOJU•Hh•4-10CUr-l•8-Pcu415-3.a«5• rlGOCO4->.atrajectory pocucurl3cu£rlOmCOCU•SIricuh-pCO>NtJO420)41•MGOflOr-iri
<4HOradiuscuCO0fl;>,
•T3O42riTJElri
oOCMm0r«Uri•P15<4-lOcuy.^GJOariarirlomCUrlOT3CUhCUg*^COflO•rl15i— 1=1O1-1ri0CUCOcu41H
o•P.aoaJXrlO•pUcu•1—
 1
rifn•pCUflOaorlV4CO•POcu^uilibrium effcufloflcu41•p"+H0flO•rl•Pvariacu41H*£•*aCMCMor—l
CUrl
1
temper;cu
41-(->•kCOao
•
 rl
•4
^
rir—ldU
"rium0[n this serieseTJfl3%ri£rlCU41•4-Jrirlcu4>rlGOCUTiwmoCUrjOCO•1-1•KXVfl
CUf^lbetweecuoflcurlCUm<«•rlTJcu5o03T3flrii— i, — iGO•i-thfl•Hfl£o41CO•841-4-1O-Prlrtr-i•rl1COI— 1I— 1riCUrlriCOflo•rl342•Hh•pCO•HT)
T)OOGOriCO
*1^T3O42cu41-pmOcuCOri42CU41peratures at 1acu•p£Oc!•Hrl5r-l•HdcrcufloflT3Sarj• Hrl42•Hi—4•rl&CU
mlinericurl•PCO^
T3O42fl\W41+3flOflO•rl-PUricut-ii—
 irium chemicaLonequilib>-i
<
«o•pocum"+HCU(U41-l->mOflO•^15•pflCUCOCUhP
-
<Url
M0*+4CUt—
 1
•3-Pcu41•4-Jfl•iHrr-«Wcu^jCO•Hr— 4CUrlriCOcurl1these temper•t>NI— IGO.aT3rlooo<otions•rlT3rioucu03curj;{3rlO<+Hfet^O&
43•PflCUcu1(U42CUUflCUrlCUmMH•rlT3cu41HcuT3riaalations were•^CJ1— 1rio41O•rl41$15CO.pfl• rlOa>*rlo•pCJcu•1-1rirl•pcucurl^ -4_>cur!HH•P
COcu
4100
•
 Hf-\
41cu
"
T35• rl+Jri•PCOcu4100•Hr!r^-tCU^15•pCO' CU15CUhGOCO•HCQCU^stemperal• rlrl51—4•HS0*cuflOflT3flriarj.3rl42• rli— 1•rldc^u
•
 H>
*
&0rlCUflcu-(->CQOCU£•4-*TJflricurlcu3-PCOCU-priciation is greOCOCO•HTJflCUGOOrl'ICU3CUCOdriOCU/•*4-*•g•5oP-r^•PCJOi— iCU>
•
cuCOri(JCQ1rlOmositioni0I— 1riCJ• HaCU41O.ariwoNO£4(4-1
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TER STREAMLINES
g. 13)
FLOW ALONG OU
(Fi
oICO• 1-1"o>•1-48i—4m60.3in the blunted- delta wThe flow along the outer streamlines
strong shock waves
TJrt•HACDJ2£Oa00.3•MOn)CDhCD,£MCD"ct)0oCOCDO 1i-4Oan)1CDOCDJ-H
i made to investigateVt-tCDseveral calculations wwas extensively reviewed in Ref. 7. There s
COoCDn)cj
-
co"fljaiVH0oc.3artaCDrto•1-1•u•Hscaling and distances to equilibrium. In add
MCDCD-2COCOCDf-tquite accurate. Theto approximate wedge flows was shown to be
hind such equivalentCDO
CJ-MoCOaCD.3CDUCDCDf^}T31 —
 1
O"nJCDrt•H1—4a• rHua>
oi•HM5f—
 1
•
 H3D
1
COCDU9es of interest the distnormal shocks. At the velocities and altitud
00.3• 1-4i— 1<oti•1-4ahCD(111*CDi— I00aooCO4)oObe considerable. For an angle of attack of 2
oCDif\CD£O•tJ3• rJOfrom one trajectory pipressure ratio is about 25° and varies little
.ow, is essentially53
.0)nt pressure streamlinbehind this wave, computed here as a consta:
or-4avO
•
m'o<ouimperature at a distanfrozen over the length of the orbiter. The te
TOCDo9O
r-l<0
zCD• 1-1CO•a• HOInOOCD"—
 i
n)CDCDoao^COCO• HCDCtJOOCOCDaO
<
a
Ot—
 imCOn)i—
 in)CD•HtinJthe flow is essentiallyaltitude of interest here, it can be seen that
a8a• HJ-l• H& UCDCDdifference between ththe highest velocity and highest altitude, the
ines this discrepancy
i-HCDh-(->COMCD••->3OCD300r!o3equilibrium flow temperature is significant.
formation while theCD
2Xo0•
 HMSrt1dCD•t->0)MtiO• His due mainly to a lag in the oxygen dis social
nitrogen remains virtually undissociated.
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CO3T—
 1
nt>* Ot—
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fc£EFFECT (
stance
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'T
3CUXI4->ao>Ni—
 i<1dependent 01course,MHOCO• |HCOcu.2r-<acdcut-i-t->COhCU3ocuaooPio1— 1n!£O£CUXIH
£oi—
 iMHCUxi-t->13tin)XJ^icuXI4^cu£(S•COn•HT3cd!HCUCOOPi>*T3OX!cuXI4->•^nd is not influenced b>cdcu>>rcd£1Xlcu5aohm
nose^ocu
r
—
 1
cdU0)>NT3OX!P!• iHCOcu00Pin)XI!^XiT>CU4->OCUM-lm 
•
cdcut-icdhCU>>ni
i
 —
 i>
.
(XOfc3cucu£Pi• 1-1COcu•Si — ialong the stream
-t->cdcuIdt-icu(Hr*H•4-1COcu00pjcdXIuCOS•i-iT3nJt-i<oVIoa>*T3OXiPi•i-iCU00Picdxlesent framework, a ct-iambluntness. In th<
cu>ressui)-LiCO
•
 H£<+-(OCU
IdfnCUX!
H
•
CUCOoPi3X^lCUXl*MT3OhtdIrops in the expansionucut-lwhich the pressu
CUCOOPi<*-iO-(-1ocummCUcurj£CU•4-*<d00•H•!->COCU^•HO+•>t-lCUTJhO5•|!HXldeparture from equilicuxl4->drop determines
CO3•1-1T5cdMCUCOOPi>>T3OXicdrepeated for0° wereCMn*
.
t-io2amline calculations fIH•>->CO>>T30X!CU•5CO3•F-lT3cdt-l
o-t->T3cuCOSPIcucuXlCO<dXlstreamlinefl\wxl-4->00Pio1— 1cdPio•I-IId•r-lt-lcdain the temperature v00<£i— iamoCO•mO
Lbrium
<
—
 i•i-iScrCUPiOPiCUfj+JTJPicdPi.2-i->si— ioCOlibrium•i-i3D 1CUCUxlHequilibrium effects.oPicharacterize the
00
.3> mpanyuOucdcuXJ-4->Pi• I-Irrtire compare<ro«SaCM(MOI— 1II^Of*T39'Zrmi — iamoCO•onsolutions for R^
Pi3ot-icdPiO• HCOPicdfrCUcufj•SPicuNOi-lM-CCO• H>.00PcuPicuCUt-locus• HI— 1h>»I by these results veri•ucu•>->ido• HT3• SCO<<•cuM300S
.3same :cu
xl+->•goX!n)CO• r-lequilibriume towardCOn<\vCUMCJ.s•+HocuId^cu•B•kPiosT3TJcdd£ethe smaller nose
mOtanceCO
3cd•!->y identical ai— ig virtual.3cuX>COcunstance, the temper atu3/i)terms of absolut<
COS• HOat^Mo4Jocu•I—
 J
cdt-i+-><«0cu00Picd^cu£fHOmr—
 1
cdO•I-I&•4->CUt-lcdCO+•>I—
 1eamline. These resut-i+->COcuxl-t-»00PIoI— 1cdat^-m•*
iacdcut-i-i->CO>
-
Td0x>CUXI-(->00pjo"cd?o£cuxlEH0CU00st-laCM(M0r— to-f->amoco•cu£Pi•rH•H• i-lTJcd^CUCOoconsidered and n
-t->xl00• iHi— 1COcd>sI— <PioCOcuPiand recombicuCOo«Si — ix>cu£T3Piin the expansion arouPicuIS)line becomes fro
y lengths of interest.
T3oXIamount over the
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p. NONEQUILIBRIUM IN THE INVISCID FLOW FIEL
SURFACE HEATING RATES
(Fig. 18)
INFLUENCE OF CHEMICAL
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s frozen in the corner expansion and that indicates
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The assumption of frozen
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LLOWING OFjBOUNDARY LAYER THICKNESSES, TRANSITION, AND SW^
THE ENTROPY LAYER
(Fig. 19)
applied to estimate boundary layer
rs, and the location- in the flow
r)
 
<
u
ayer, i. e. entropy layer
ansition criterion. For o*. - 20°,
: evaluated for conditions at the
istimated by using Cheng's two-
sonic approximations and to obtain
aurposes, it was assumed that the
=md the thickness estimates were
in. 10 The Spaulding-Chi theory
with errors of less than 10%,
dary layer thickness. The
on's relations, with an
Le at transition. Transition and
nonequilibrium streamlines in
eamline processed by the
Layer characteristics, and the
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The results of the inviscid streamtube computations have beei
transition, the thicknesses of the laminar and turbulent boundary layi
field where the entropy layer will be fully consumed by the boundary
swallowing. Transition estimated were based on the NASA interim t
this criterion requires P& I 'M&fRe/£} 1%y 10 , where all parameters ar
boundary layer edge. The laminar boundary layer thicknesses were
dimensional local similarity solution, ° generalized to relax the hype]
a solution based on boundary layer edge conditions. For the present
boundary layer was fully turbulent immediately following transition,
based on the Spaulding-Chi theory9 and on procedures given by Johns
was approximated by a logarithmic law, F c C f ^ .Q39 \fa^ Re#~\~' /e
and this was applied in the usual momentum integral relation for bou:
exponent in the power law velocity profile was determined from John
effective starting length defined to yield an approximate Blasius prof
the boundary layer thicknesses were determined by using the various
the entropy layer for edge conditions, and by using an equilibrium st
oblique shock wave. The latter is often used in calculating boundary
<u^tpresent comparison provides a check on the accuracy of this procedu
three trajectory points considered
I, Fig. 19$aJ, the calculations show
inditions, but transition is strongly
-
u
 
"
The results of these calculations are shown in Fig. 19 for the
here and for an angle of attack of 20°. At an altitude of 61 km (200kf
that the laminar boundary layer thickness is insensitive to the edge c florom the body surface. The transitiminfluenced. The streamlines are labeled according to their distance
librium body streamline or the
ions, the latter corresponds to an
sets in that portion of the flow field.
.rt
 
+
J
 
<
U
location varies by a factor of 2 1/2, depending on whether the nonequ
equilibrium oblique shock streamline is used. For these flight condi
ideal gas streamline, and there are essentially no nonequilibrium efi
ows that the laminar boundary
entropy layer. The predominate
Lt differs from the equilibrium
si
 
.
The thickness of the entropy layer is indicated in the figure, and it a'.
layer and transition are governed by conditions in the nonequilibrium
nonequilibrium effect in this region is in the static temperature, and
tion length through the square of• i-4value by about 30%. This enters directly into the criterion for trans
the Mach number.
T3
ry layer thickens rapidly, and it is
as the flow. These boundary layer
imed in the boundary layer at a
ry layer development on the forwar
n)It can be seen in Fig. 19^) that following transition, the bound
C
 
r>
 
rt
thicker by a factor of 2 where the nonequilibrium entropy layer gove:
estimates indicate that the nonequilibrium entropy layer is fully cons
distance of about 20 nose radii from the leading edge, i.e. the bound
«n)<u£>»"flOfloMV>N«!i— i>>MR)Tl9O.Q<U4^Jhalf of the body is governed by the nonequilibrium entropy layer and
can be estimated using conditions based on the oblique shock wave.
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